Anodic oxidation of a pure Al plate was carried out in aqueous solutions containing sulfuric acid (H 2 SO 4 ), oxalic acid (H 2 C 2 O 4 ) and a percarboxylic acid-based additive at temperatures between 273 and 293 K for 0.6 to 9 ks under a constant current density of 300 A·m ¹2 (3 A·dm
Introduction
Anodic oxidation is industrially applied to Al and its alloys to provide excellent corrosion and wear resistance. This is an electrochemical oxidation process in an electrolytic solution to increase the thickness of the oxide film on their surfaces, and also attracts much interest as a fabrication method of nanometer-sized fine structures for electronic, optical and micromechanical devices.
1),2)
To form a thick and hard anodized Al film, bath composition, current density, applied voltage, bath temperature and processing time are controlled in practical operations. Aqueous solutions of sulfuric acid (H 2 SO 4 ) and oxalic acid (H 2 C 2 O 4 ) are widely used as an electrolytic bath for the Al and its alloy products. During the anodic oxidation process, it is well known that both the formation and the dissolution of the film occur in the bath. Nagayama et al. 3) and Diggle et al. 4) investigated the dissolution of the anodic oxide film formed in the H 2 SO 4 bath at low current densities. These results mean that there is a limitation of the film thickness. The dissolution of the film also leads to the degradation of its hardness. On the other hand, the thickness of the film formed at high current densities is limited by the occurrence of "burning". 5),6) Based on these facts, Hoshino et al. have theoretically and experimentally demonstrated the critical thickness of the oxide film formed on Al by galvanostatic anodizing. 7) As a result, they obtained the film with a maximum thickness of approximately 150¯m by anodizing in the H 2 SO 4 bath at 303 K under a initial current density of 2000 A·m ¹2 (20 A·dm ¹2 ).
Recently, a percarboxylic acid-based additive for the electrolytic bath has been found by Kumabou Metal Co., Ltd. to enhance the thickness and hardness of the anodic oxide film.
8),9)
This additive makes it possible to form the film with a thickness of approximately 100¯m on the Al plate even after anodizing at low current densities. Furthermore, the hardness of the obtained film is equivalent to that specified as a hard anodic oxide film by the Japanese Industrial Standards Committee (JIS H 8603, Hv 0.05 = over 400). This finding is highly beneficial from a practical point of view. The aim of this study, therefore, is to reveal the microstructures and the mechanical properties of the anodic oxide film formed on the Al plate by using the electrolytic bath containing the additive, and to determine the optimum electrochemical conditions to produce excellent properties.
Experimental procedures
A commercially pure Al plate with a thickness of 2 mm was used in the present study. This is designated as A1100 by JIS H 4000, and its purity is over 99.0 mass %. This plate was cut into a rectangular shape with dimensions of 50 © 25 mm. Before anodizing, the surface was degreased in acetone and etched in an aqueous solution of sodium hydrate. The plate was also immersed in an aqueous solution of nitric acid for a short time.
The Al plate was set parallel to a graphite plate, which was a cathode material, in aqueous solutions containing H 2 SO 4 and H 2 C 2 O 4 . Anodic oxidation of the Al plate was conducted under a constant current density of 300 A·m ¹2 (3 A·dm
¹2
). The concentration of H 2 SO 4 and H 2 C 2 O 4 in the bath was 150250 and 20 g/L, respectively. A percarboxylic acid-based additive of 20 g/L, which was found by Kumabou Metal Co., Ltd., was also added to the bath. The concentration of these chemicals was determined by prior-experiments. The applied voltage during anodizing was changed within 70 V. The bath temperature was controlled between 273 and 293 K, and the anodizing time was changed between 0.6 and 9 ks. Since the anodic oxide film has fine pores, they were sealed in a nickel acetate solution.
The specimens were cut into several pieces to reveal the microstructures of the anodic oxide film. The cross sections were ground with emery papers of #180#2000 and then mirrorfinished with a diamond slurry of 1¯m in particle size. Thereafter, they were observed by using an optical microscope and a scanning electron microscope (SEM). The specimens for transmission electron microscopic (TEM) observation were also prepared from slices with dimensions of 2 © 1.3 mm, which were cut from the anodized Al plate. The thickness of the slices was adjusted to about 50¯m by grinding the Al plate side. The slice was attached to a special disk of 3 mm in diameter, which had a small hole in the center, and was finished with an argon ion beam milling machine. The accelerating voltage during the TEM observation was 200 kV.
Vickers hardness and abrasion tests were performed to evaluate the mechanical properties of the anodic oxide film. In the hardness test, a load of 0.245 N was applied at room temperature for 15 s. Figure 1 shows a schematic illustration of an abrasion testing machine. This is based on JIS H 8682-1. A specimen was placed on the abrasion wheel on which #320 emery paper was wound. The abrasion test was conducted with 300 times-reciprocating motion per one continuous operation under a load of 14.7 N. The abrasion wheel rotated 0.9 degrees with each reciprocating motion of the specimen. Since the length of the abrasion trace left after 300 times-reciprocating motion was 32 mm, the total moving distance in one continuous operation was estimated to be 19.2 m. The weight loss of the specimen in each operation was used as a measure of wear resistance. Figure 2 shows the relationship between the thickness of anodic oxide film formed on the pure Al plate and the anodizing time. The anodic oxidation treatment was carried out in electrolytic baths of 200 g/L H 2 SO 4 with and without the additive of 20 g/L at 293 K under a constant current density of 300 A·m
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¹2
. Black and white circles in the figure represent the average thickness of each specimen. Without the additive, the film thickness increased with increasing anodizing time. The film with a thickness of approximately 30¯m was formed for an anodizing time of 3 ks. However, we could not continue the further treatment owing to "burning" of the film. On the other hand, surprisingly, the thickness of the film formed in the bath with the additive increased up to approximately 100¯m without occurring the burning, although it is normally difficult to develop such a thick film by conventional anodic oxidation treatments.
7) The additive may serve to prevent the film from dissolving into the bath during anodizing, and to suppress the local interaction between the temperature rise and the current concentration, which leads to the burning. 6) At the anodizing time of 9 ks, the growth rate of the film decreased owing to the occurrence of "blooming", which is a phenomenon to produce powdery matter on the film. 7) A cross-sectional image of the Al plate anodized at 293 K for 7.2 ks is shown in Fig. 3 . A uniform film with a thickness of about 100¯m was observed on the Al plate. Figure 4 shows the effects of the H 2 SO 4 concentration and the anodizing time on the surface hardness of the film. The average values of the surface hardness were plotted in the figure, although there was nominal dispersion in measured data. It is found that the surface hardness decreases with increasing H 2 SO 4 concentration in the electrolytic bath, and with increasing anodizing time irrespective of the H 2 SO 4 concentration. The decrease in the surface hardness would be caused by the dissolution of the film in the bath during anodizing. However, the significant decrease in the surface hardness was observed between 3.6 and 5.4 ks, when the film was formed in the bath of 150 g/L H 2 SO 4 with the additive. A decrease in the H 2 SO 4 concentration causes an increase in the applied voltage in association with ionic concentration in the bath. This would result in heat generation in the vicinity of the Al plate. Accordingly, the dissolution of the film is thought to be enhanced even in the bath of 150 g/L H 2 SO 4 with the additive, and the hardness decreased drastically. Therefore, the optimum H 2 SO 4 concentration in the bath with the additive is determined to be 200 g/L.
The especially important finding is that the surface hardness is higher for the film formed in the H 2 SO 4 bath with the additive than for the film formed without the additive. The additive is of great significance to the increase in the film thickness and the surface hardness.
Anodic oxidation in H 2 SO 4 © H 2 C 2 O 4 bath
The addition of H 2 C 2 O 4 to the H 2 SO 4 bath has a beneficial effect on the hardening of the anodic oxide film.
10),11) In particular, the film formed at a temperature range of 278 to 283 K shows higher hardness and excellent wear resistance. Such an electrolytic bath is widely used for practical applications.
The effect of H 2 C 2 O 4 addition to the electrolytic bath consisting of 200 g/L H 2 SO 4 and 20 g/L additive was examined by the hardness test for the anodic oxide film. Figure 5 shows the relationship between the bath temperature and the average surface hardness of the film formed on the Al plate in the H 2 SO 4 + additive bath with and without 20 g/L H 2 C 2 O 4 . The anodizing time was 1.8 ks, and the film thickness was approximately 30¯m. For comparison, the results of the film formed in the 200 g/L H 2 SO 4 bath are shown in the figure. The surface hardness of the film formed in the H 2 SO 4 bath decreased with increasing bath temperature. This is because the dissolution of the film into the bath was enhanced as bath temperature increased. It is found, however, that the additive can suppress the decrease in the surface hardness with increasing bath temperature. The film formed in the H 2 SO 4 + additive bath at 293 K showed the relatively high hardness, and the addition of H 2 C 2 O 4 could further improve the surface hardness. The surface hardness of the film formed at 278 K in the H 2 SO 4 + H 2 C 2 O 4 + additive bath was approximately Hv = 500. At 273 K, its value slightly degraded because H 2 C 2 O 4 was crystallized in the bath. Accordingly, the optimum bath temperature for anodizing in the electrolytic bath containing H 2 SO 4 , H 2 C 2 O 4 and the additive is determined to be 278 K. It has been reported that H 2 C 2 O 4 added to the H 2 SO 4 bath prevents the dissolution of the anodic oxide film.
11),12) In addition, H 2 C 2 O 4 has been considered to reduce the activity of sulfate ions because of the mutual interaction between ions.
12) These effects might be expected in the present study, although the details of its chemical function are still under consideration. As shown in Fig. 5 , however, the contribution of H 2 C 2 O 4 to the improvement in the film hardness seems to be lower than that of the additive. In Fig. 6 , it is understandable that the addition of H 2 C 2 O 4 is beneficial for the thicker anodized Al film. Figure 6 shows the hardness distribution of the cross section in the film formed at 278 and 293 K for 7.2 ks as a function of the distance from the surface. Although the bath composition was equal to that of Fig. 5 , the film thickness was approximately 100¯m in all cases. The data plotted at x = 0 represents the surface hardness of the film. The hardness of the film formed at 293 K in the H 2 SO 4 + additive bath changed significantly within the film cross-section, that is to say, the hardness decreases considerably from the Al substrate side toward the surface. However, we found that this decrease in the hardness was suppressed by the addition of H 2 C 2 O 4 . The hardness of the cross section in the film formed at 278 K in the H 2 SO 4 + H 2 C 2 O 4 + additive bath was between Hv = 400 and 500. This was equivalent to that specified as a hard anodic oxide film by JIS H 8603, and was superior to that of the film formed at 293 K in the same bath. Meanwhile, it should be noted that the composition and the temperature in the bath exert little influence on the film hardness in the vicinity of the Al substrate. This region had the highest hardness in the film. One of the reasons is that the excess dissolution of the film is avoided by the short contact time with the electrolytic bath.
Two Al plates, which were anodized at 278 and 293 K in the H 2 SO 4 + H 2 C 2 O 4 + additive bath, were subjected to the abrasion test. Figure 7 shows the relationship between the number of reciprocation on the #320 emery paper and the abrasion loss (weight loss) of these specimens. The abrasion loss was lower for the specimen anodized at 278 K than for the specimen anodized at 293 K. This is because the film formed at 278 K was harder than that formed at 293 K, as shown in Fig. 6 . Moreover, the abrasion loss of the specimen anodized at 278 K increased linearly with increasing number of reciprocation. On the other hand, this increasing rate of the abrasion loss appears to decrease as the number of reciprocation increases, probably because, the hardness of the film increased in the vicinity of the interface between the anodic oxide film and the Al substrate. respectively. A hexagonal cell structure with a nano-sized pore at the center of each cell was observed in both the films. These reflect the microstructural features reported by Keller et al. 13) In the H 2 SO 4 + H 2 C 2 O 4 + additive bath, there were small and roundish pores in the film. The size of the cell involving the pore was almost homogeneous. These features were obviously different from those of the film formed in the H 2 SO 4 bath. In addition, the occupation ratio of the pores in unit area of the film formed in the H 2 SO 4 + H 2 C 2 O 4 + additive bath was 12%, and was smaller than that formed in the H 2 SO 4 bath, which was 16%. These observation results would appear as the difference of the hardness, as shown in Fig. 5 . If the film hardness is lower, the microstructural change, suchas like the increase in the area of the pores, would be understandably recognized by TEM observation. Figure 8 also gives evidence that the addition of the additive and H 2 C 2 O 4 serve to prevent the film from dissolving in the bath. Although the impurity concentration in the film is unclear, the difference in the microstructures is thought to be responsible for the high hardness of the thick anodized Al film.
TEM observation of anodic oxide film
Conclusions
Anodic oxidation of the Al plate was carried out in aqueous solutions containing H 2 SO 4 , H 2 C 2 O 4 and a percarboxylic acidbased additive. The main results obtained are as follows.
(1) The anodic oxide film with a thickness of approximately 100¯m was formed on the Al plate at 293 K for 7.2 ks in the H 2 SO 4 + additive bath. Without the additive, the thick film could not be obtained because of "burning" in anodizing. The additive would act as an inhibitor for dissolving the film in the bath and for the burning.
(2) The anodic oxide film formed at 278 K in the H 2 SO 4 + H 2 C 2 O 4 + additive bath showed the highest hardness. In particular, the Vickers hardness of the film with a thickness of approximately 100¯m was located between 400 and 500, and its excellent wear resistance was demonstrated by the abrasion test.
(3) The anodic oxide film formed at 278 K for 1.8 ks in the H 2 SO 4 + H 2 C 2 O 4 + additive bath had a hexagonal cell structure with a nano-sized pore at the center of each cell. Compared with the film formed in the H 2 SO 4 bath, the cells were almost uniform in size and the pore size in the cell was smaller. In addition, the occupation ratio of the pores in unit area was smaller for the film formed in the H 2 SO 4 + H 2 C 2 O 4 + additive bath than for the film formed in the H 2 SO 4 bath. Such microstructural features are thought to be responsible for the high hardness of the thick anodized Al film. 
